The blazar AO 0235+164 (z=0.94) has been one of the most active objects observed by Fermi Large Area Telescope (LAT) since its launch in Summer 2008. In addition to the continuous coverage by Fermi, contemporaneous observations were carried out from the radio to γ-ray bands between 2008 September and 2009 February. In this paper we summarize the rich multi-wavelength data collected during the campaign (including F-GAMMA, GASP-WEBT, Kanata, OVRO, RXTE, SMARTS, Swift and other instruments), examine the cross-correlation between the light curves measured in the different energy bands, and interpret the resulting spectral energy distributions in the context of well-known blazar emission models. We find that the γ-ray activity is well correlated with a series of near-IR/optical flares, accompanied by the increase in the optical polarization degree. On the other hand, the X-ray light curve shows a distinct 20-day high -7 -state of unusually soft spectrum, which does not match the extrapolation of the optical/UV synchrotron spectrum. We tentatively interpret this feature as the bulk Compton emission by cold electrons contained in the jet, which requires an accretion disk corona with effective covering factor of 19% at a distance of 100 R g . We model the broad-band spectra with a leptonic model with external radiation dominated by the infrared emission from the dusty torus.
Introduction

48
Blazars are a class of active galactic nuclei characterized by high flux variability at all 49 wavelengths and compact (milli-arcsecond scale) radio emission of extreme brightness tem-50 peratures, often exceeding the Compton limit (Urry 1999 ). Their radio spectra are generally polarized. These general properties are well-described as arising in a relativistic jet pointing 55 close to our line of sight (Blandford & Rees 1978) . The jet, presumably deriving its power 56 from accretion onto a supermassive, rotating black hole surrounded by an accretion disk,
57
contains ultrarelativistic electrons (with particle Lorentz factors γ el reaching 10 3 − 10 5 , de-band (and to much lesser degree, in the soft X-ray band) may be contaminated. One galaxy,
111
probably a normal spiral, is 1.3 arcsec east, while another object, about 2 arcsec to the 112 south, is known to be an AGN and could affect the flux of AO 0235+164 when it is very 113 faint, especially in the bluer part of the spectrum (Raiteri et al. 2005 ).
114
Historical data for this source are abundant. Radio observations were performed by 115 many instruments, starting from about 100 MHz up to 300 GHz, and including multi-epoch
116
VLBI studies (Jorstad et al. 2001 ). Space and ground-based infrared data are available from 
129
These numerous multi-wavelength observations show that AO 0235+164 is characterized by 130 extreme variability on long (month-years) and short (intraday) time scales over a wide range
131
of the electromagnetic spectrum.
132
The study of blazars, of their broad-band spectra and of their complex variability, has self-Compton process. We discuss these two approaches in Section 7. We conclude with a 155 summary of our results in Section 8. 
F ermi-LAT Observations and Data Analysis
157
The LAT, the primary instrument onboard the Fermi γ-ray observatory, is an electron-
158
positron pair conversion telescope sensitive to γ-rays of energies from 20 MeV to > 300 GeV.
159
The LAT consists of a high-resolution silicon microstrip tracker, a CsI hodoscopic electromag- both the energy and the conversion point in the tracker, but less so on the incidence angle.
165
For 1 GeV normal-incidence conversions in the upper section of the tracker the PSF 68% 166 containment radius is 0.8
• .
167
The Fermi -LAT data of AO 0235+164 presented here were obtained in the time pe- 
187
The sources surrounding AO 0235+164 were modeled using a power-law function:
where N is the normalization factor and Γ the photon index. In the fitting procedure, all 
192
The plots in subsequent sections show only statistical errors for the fit parameters.
193
Systematic errors arise mainly from uncertainties on the LAT effective area, which is derived 194 from the on-orbit estimations. These errors could be as large as 10% below 0.1 GeV, <5%
195 near 1 GeV and 20% above 10 GeV. 100 MeV to 100 GeV shows a clear high-state period followed by a final, narrow, high-flux 209 peak.
210
The temporal behavior of the source in γ-rays was also studied in two separate energy 211 ranges, from 100 MeV to 1 GeV and from 1 GeV to 100 GeV and the hardness ratio among 212 the two bands has been determined. The analysis follows the same procedure described 
215
The arrows in the light curves represent 95% upper limits, which are calculated for data
216
points with a test statistic (TS) 4 lower than 10 (which corresponds to a significance somewhat 217 higher than 3σ), or with a value of the ratio between flux error and flux (F err (E)/F(E))≥0.5
218
in order to obtain meaningful data points.
219
The results show that both the low-and high-energy profiles follow the same trend.
220
Nevertheless, it is interesting to underline that the narrow peak at the end of the high-state 221 period is mainly due to an enhanced low-energy flux. The ratio among the two fluxes also 222 shows a value higher than the average in the same time interval. 
γ-ray Spectral Analysis
224
The unbinned gtlike analysis has been applied to produce the γ-ray energy spectra 225 shown in Figure 2 . There, we divided the full energy range from 100 MeV to 100 GeV into 2 226 equal logarithmically spaced bins per decade. In each energy bin a TS value greater than 10 227 and a ratio between flux error and flux lower than 0.5 was required to quote a flux in that 228 band, otherwise a 95% upper limit was given.
229
The standard gtlike tool was applied in each energy bin, modeling all the point sources
230
in the region with a simple power-law spectrum with photon index fixed to 2. The normaliza-
231
tion parameters of all point-like sources within 10
• were left as free parameters in the fitting 232 procedure, while the diffuse background components were modeled as described above in 233 2.1. Two time intervals were selected for the γ-ray spectral analysis: the first corresponding 234 to the X-ray flare interval (MJD 54750-54770), the second associated with the subsequent 235 low γ-ray state (MJD 54780-54840). In those time intervals, both power-law and broken- The first panel from the top shows the flux, in the energy range from 100 MeV to 100 GeV, derived from the gtlike fit in the 3-days time intervals, assuming a simple power law spectrum. The second panel shows the photon index Γ in the same energy range from 100 MeV to 100 GeV. The third panel shows the light curve evaluated in the energy range from 100 MeV to 1 GeV. The fourth panel shows the light curve in the energy range from 1 GeV to 100 GeV. The last panel shows the hardness ratio defined as
for the data points having a TS>10 and F err (E)/F(E)>0.5 in both energy ranges. The hardness ratio is not evaluated if either of the two fluxes is an upper limit. power-law functions provide a good fit of the spectral data. We show the results of the 237 broken-power-law fit, since it provides a better fit to the high-energy spectrum of the source, 238 from 100 MeV to 100 GeV, than a simple power law on the larger time intervals, as already 239 studied in detail by Abdo et al. (2010b) . increase in the break energy is observed. As also can be seen in Figure 1 , the high γ-ray state
Energy (MeV)
240 dN dE = N 0 × (E/E b ) −Γ 1 ; if E < E b (E/E b ) −Γ 2 ; otherwise(2)
243
around MJD 54760 is essentially due to the low energy photons (<1 GeV) and the spectra 244 in Figure 2 show that the relative difference between the E 2 Flux values above 1 GeV and 245 below 1 GeV is higher in the time interval around the flare than during the low γ-ray state. the optical-NIR spectra (see Figure 7) . We stress that extinction at longer wavelengths is same corrections are applied to the ground-based optical data.
283
In addition, the source photometry is contaminated by the emission of a nearby AGN Likewise, the X-ray data need to be corrected for the effect of absorption: here, the 288 absorption effects of both our own Galaxy and the intervening z = 0.524 system are con- and, in reality, correct modeling of such absorption should take this into effect. However,
292
as discussed by Madejski et al. (1996) , the combined ROSAT and ASCA spectral fitting
293
suggests that this effect is relatively modest, the joint ROSAT − P SP C and ASCA data are adequately fitted by an absorbing column of 2.8 ± 0.4 × 10 21 cm −2 located at z = 0.
295
Since the Swift XRT data have somewhat lower signal-to-noise ratio (S/N) than the ASCA 296 observations, we simply adopt such a "local" model for absorption, since the main objective 297 of our observations was to determine the underlying continuum of the AO 0235+164 rather 298 than the detailed spectral properties of the absorber. We note that this value is in fact 299 consistent with the spectral fit to the Swift XRT data. The IRAM 30-m observations were carried out with calibrated cross-scans using the 334 single pixel heterodyne receivers B100, C150, B230 operating at 86.2, 142.3 and 228.4 GHz.
335
The opacity corrected intensities were converted into the standard temperature scale and 336 finally corrected for small remaining pointing offsets and systematic gain-elevation effects.
337
The conversion to the standard flux density scale was done using the instantaneous conversion 
368
The PdBI is equipped with dual linear polarization Cassegrain focus receivers. This 369 makes it possible to observe both orthogonal polarizations -"horizontal" (H) and "vertical" 
Here m L is the fraction of linear polarization (ranging from 0 to 1) and χ is the polar- as explained in Section 3.1.
393
We confirmed that the instrumental polarization was smaller than 0.1% in the V band 394 using observations of unpolarized standard stars and hence, we applied no correction for it.
395
The zero point of the polarization angle is corrected as standard system (measured from Optical data were bias-subtracted, overscan-subtracted, and flat-fielded using the CCD-
407
PROC task in IRAF. Infrared data were sky-subtracted, flat-fielded, and dithered images is calibrated by observing interstellar polarization standard stars (Schmidt et al. 1992b ).
440
Likewise, the flux spectra resulting from the spectropolarimetry are calibrated using obser-441 vations of spectrophotometric standard stars (Massey et al. 1988 ). The flux spectra are 442 corrected for atmospheric extinction using the the standard extinction curves given in Bald- 
461
The XRT data were reduced with the standard software (xrtpipeline v0.12.4) ap-
462
plying the default filtering and screening criteria (HEADAS package, v6.9 7 ). We extracted 
468
Since the source X-ray flux and spectrum are known to vary strongly, co-adding indi-
469
vidual XRT observations could be misleading. We thus extracted the XRT data from each 470 individual pointing separately, and fitted individual spectra using XSPEC. We rebinned the
471
XRT data requiring at least 25 counts in each new energy bin. As discussed in Sec. 3.1,
472
we assumed the combined Galactic and z = 0.524 absorption is adequately described by a 473 column of 2.8 × 10 21 cm −2 at z = 0: this is in fact consistent with the spectral fit to the 474 Swift XRT data. We determined the unabsorbed X-ray flux by performing the spectral fit 475 with fixed absorption, and then determining the incident flux by forcing the absorption to 476 be 0. We include those fluxes in the 2 -10 keV band in the last column of Table 3 . We 477 note that the source was detected at a sufficiently good signal-to-noise (S/N) ratio to deter- the RXT E tools (command PCARSO v. 10.1).
500
For the spectral analysis the fitting procedure was done with the XSPEC software package.
501
The spectra from the channels corresponding to nominal energies of 2.6 to 10.5 keV are Table 5 ; again, the last column reports the unabsorbed X-ray flux. Table 3 : The log of Swift observations yielding good XRT data. In all cases, the spectrum was fitted with a power-law model absorbed by gas with Galactic abundances with a column of 2.8 × 10 21 cm −2 placed at z = 0: such an absorption form is only approximate, but it adequately fits ROSAT and ASCA data, which in turn possess better signal-to-noise than individual Swift pointings (see text). Since the quality of the data at MJD 54719, 54737, 54747, 54781, 54789, 54803, and 54818 have too low a S/N for reliable determination of spectrum, we assumed a photon index of 2 for those pointings. of activity seen in the optical band. The X-ray data from Swift XRT and RXTE present a 521 very pronounced peak clearly delayed with respect to the optical activity.
522
The Fermi light curve, as already discussed in section 2.1 shows a broad high-state 523 period followed by a final narrow peak succeeding the X-ray peak before getting to the low- this suggests that the variability of the source in the γ-ray and radio-to-mm regimes on long 550 time scales is correlated, but the situation on shorter time scales is less clear.
551
Since the time series in the optical R band and γ-ray are the best sampled in this study, The data suggest that γ-ray and optical fluxes follow each other, but the correlation is small with γ-ray flux reaching a plateau at the level ∼ 1.2 × 10 −6 when the optical flux reaches ∼ 3 mJy, but not increasing beyond ∼ 1.2 × 10 −6 when the optical flux increases to ∼ 5 mJy. Bottom: Similar plot of γ-ray flux vs high-frequency radio-band flux; both fluxes are averaged in 3-day time intervals. Likewise, there is a general trend of increase in both bands, but the correlation is small. 
Broad-band Spectral Energy Distribution
584
Our unprecedented time sampling of AO 0235+164 in several spectral bands allows us 585 to extract accurate instantaneous SEDs, which are needed to correctly interpret the broad-586 band emission of the source. We reiterate that in order to build the intrinsic SED and 587 correctly convert the observed magnitudes to de-absorbed fluxes, extinction must be taken 588 into account, including both Galactic extinction, and that due to the z = 0.524 system. We 589 discussed in Section 3.1 how the IR, optical, UV data and soft X-rays are affected by the we assume that the soft X-ray absorption is adequately described by a column density of 
In the case of AO 0235+164, γ br,2 = 5800, p 1 = 1.5, p 2 = 2.03, p 3 = 3.9.
674
The rate of electron energy injection isĖ have n e /n p ∼ 9.1 and hence σ B ∼ 0.11 and η rad,j ∼ 0.2. We are thus able to match the of the significant variations of the optical and γ-ray flux.
696
As we noted above, the X-ray spectrum, at least during the first of the two epochs 697 considered here, is too soft to be interpreted as an SSC component and cannot be the high- Note that presented models do not cover the radio production which at ν < 100GHz is strongly synchrotron-selfabsorbed for our source parameters and must originate at much larger distances from the BH than a few parsecs. The gray line shows the quasar composite SED adopted from Elvis et al. given by the approximate formula
where N 
756
Using the SED of AO 0235+164, we showed in Section 6 that the spectrum of this object γ-ray emission zone is associated with the 7 mm radio core (i.e. at ∼ 12 pc from the BH)
762
and propose that production of γ-rays is dominated by a turbulent multi-zone SSC process.
763
We comment on these differences below, noting that we perform detailed modelling of the 764 broad-band spectrum of the object. 
which nicely corresponds with the location of the blazar zone derived from our model. In
774
order to form such flares at a distance of 12 pc, a Lorentz factor of Γ ∼ 50 is required. 
804
The γ-ray spectrum is consistent with a broken power-law. Hints of spectral variabil-805 ity can be seen in episodic increases of the (1-100 GeV)/(0.1-1 GeV) hardness ratio. The 806 brightest γ-ray flare is much more pronounced in the 0.1-1 GeV energy band.
807
The γ-ray activity is roughly correlated with the activity in the optical/near-IR band.
808
There is a possible delay of 15 days of the R-band flux with respect to the γ-ray flux. The 809 optical flux is also correlated with the optical polarization degree, which reaches values up 810 to 35%. At the same time, the optical polarization angle is close to 100
• with moderate 811 scatter. As is typical for blazars, the activity in the radio band is smoother and begins 812 months before the optical/γ-ray activity, while the radio-flux peaks are delayed by several 813 weeks with respect to the higher energy bands.
814
The behavior of the source in the X-ray band is distinct from other bands, as it shows a 815 20-day high state delayed by a month from the main optical/γ-ray flare. The X-ray spectrum 816 during the high state is unusually soft, Γ ∼ 2.6, and is inconsistent with the extrapolation of 817 the optical/UV spectrum, unless we assume a much stronger extinction. We interpret this Sweden.
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